In humans, spatial cognition and navigation impairments are a frequent situation during physiological and pathological aging, leading to a dramatic deterioration in the quality of life. Despite the discovery of neurons with location-specific activity in rodents, that is, place cells in the hippocampus and later on grid cells in the entorhinal cortex (EC), the molecular mechanisms underlying spatial cognition are still poorly known. Our present data bring together in an unusual combination 2 molecules of primary biological importance: a major neuronal excitatory receptor, N-methyl-D-aspartate receptor (NMDAR), and an extracellular protease, tissue plasminogen activator (tPA), in the control of spatial navigation. By using tPA-deficient mice and a structure-selective pharmacological approach, we demonstrate that the tPA-dependent NMDAR signaling potentiation in the EC plays a key and selective role in the encoding and the subsequent use of distant landmarks during spatial learning. We also demonstrate that this novel function of tPA in the EC is reduced during aging. Overall, these results argue for the concept that encoding of proximal versus distal landmarks is mediated not only by different anatomical pathways but also by different molecular mechanisms, with the tPA-dependent potentiation of NMDAR signaling in the EC that plays an important role.
Introduction
In humans, spatial cognition and navigation impairments are a frequent situation during physiological and pathological aging, especially in Alzheimer's disease, leading to a dramatic deterioration in the quality of life (Hort et al. 2007; Cushman et al. 2008; Jansen et al. 2010; Rodgers et al. 2012 ). Thus, deciphering the cellular and molecular mechanisms underlying the processing of spatial information may help to understand and possibly cure this type of affection.
The entorhinal cortex (EC), which sends major inputs to the hippocampus, has been suggested to contribute with the hippocampus to the formation of spatial representations that guide navigation (O'Keefe and Nadel 1978; Burgess et al. 2002; Fyhn et al. 2004; Hafting et al. 2005) . In addition, the hippocampus and the EC have been evidenced to play different albeit complementary roles in the processing of spatial landmarks. Indeed, 2 distinct spatial landmark-processing systems have been identified, one system devoted to the processing of nearby (proximal) landmarks and involving the associative parietal cortex (APC), and a second system devoted to the processing of distant (distal) landmarks and requiring the EC (Save and Poucet 2000; . These 2 systems would converge towards the hippocampus that may, therefore, play a role in managing interactions between the use of proximal and distal landmarks.
The serine protease tissue plasminogen activator (tPA) is a protein initially characterized for its ability to activate plasminogen into plasmin and thus to promote fibrinolysis (Collen and Lijnen 1991) . More recently, the presence of tPA has been described in many regions of the brain parenchyma (Pawlak et al. 2002 (Pawlak et al. , 2003 Teesalu et al. 2004) , where it has been shown to influence key functions (Samson and Medcalf 2006) . For instance, tPA is involved in mechanisms controlling synaptic plasticity, such as hippocampal long-term potentiation (LTP) and long-term depression (Huang et al. 1996; Calabresi et al. 2000; Pang et al. 2004; Parcq et al. 2012) , neuronal survival (Liot et al. 2006) , anxiety (Pawlak et al. 2003) , as well as learning and memory processes (Madani et al. 1999; Calabresi et al. 2000; Pawlak et al. 2002; Benchenane et al. 2007; Obiang et al. 2011 Obiang et al. , 2012 . Among its signaling pathways in the central nervous system (CNS), tPA is known to promote the signaling of N-methyl-D-aspartate receptor (NMDAR; Nicole et al. 2001) and through this mechanism to promote hippocampal LTP (Parcq et al. 2012) . Interestingly, in mice, physiological aging is simultaneously associated with reduced levels of tPA in the brain (Roussel et al. 2009 ) and deficits in spatial behavior . Finally, in addition to its presence in the hippocampus, tPA mRNAs have been detected in the EC (Gorter et al. 2007) . In this study, we therefore asked whether tPA is a molecular component of the processing of landmark information in the EC.
Materials and Methods

Animals
Male and female tPA-deficient (tPA-/-) and wild-type (tPA+/+) mice from the C57BL/129 strain (Carmeliet et al. 1994) , and male C57BL6/J mice provided by CURB (Normandie Université, France) were used in this study (Table 1) . All the experiments, performed between 8 AM and 5 PM, were conducted in accordance with the French (Decree 87/848) and the European Communities Council Directive 2010/63/EU. Further details are described in the Supplementary Material section.
Behavioral Tests
Morris Water-Maze Tasks They were adapted to mice from protocols developed in rats (Save and Poucet 2000; ). For detailed description of apparatus, see Supplementary Material. Independent groups of mice were trained in the distal and proximal conditions. One day before the first day of training, animals were submitted to a habituation session (see Supplementary Material). During training, a typical trial consisted of releasing a mouse, its head facing the wall, from one of the 4 (distal condition; Supplementary Fig. S1A ) or 3 (proximal condition; Supplementary Fig. S1B ) starting points. Once in the water, mice swam until they eventually came across and climbed on the escape platform. If mice did not find the platform after 60 s, they were gently guided towards the goal. Mice were allowed to stay for 30 s on the platform between trials. After its last daily trial, each mouse was dried in a towel and put back in its home cage. Latency and distance traveled to reach the platform, as well as swim speed, were measured for each trial. The day after the last training day, mice were submitted to a probe test session to examine their place learning ability: the platform was removed and mice were allowed to swim until 60 s have elapsed. The time spent and distance traveled into the target area (25 cm diameter, centered on the previous position of the platform) and in 3 other geometrically equivalent areas, and the swim speed, were measured. For detailed description of training and probe test procedures, see Supplementary Material.
T-Maze Tasks
Mice were submitted to a 2-trial place recognition task in a Tmaze based on a novelty free-choice exploration paradigm previously developed to study spatial cognition processes in rats and mice (Dellu et al. 2000; Obiang et al. 2011 Obiang et al. , 2012 . For detailed description about the apparatus, see Supplementary Material. Independent groups of mice were trained in the distal and proximal conditions. During the first trial ( Supplementary Fig. S2A -B), one of the 3 arms of the maze was closed with a guillotine door. The closed arm was different across mice. Each mouse was then placed at the end of the starting arm, (Arm 1) and was allowed to visit the accessible portions of the maze (Arm 1/Arm 2) for 5 min. The mouse was then returned to its cage for 2.5 h, before being tested for a second trial, in which they had free access to all 3 arms (Arm 1/Arm 2/new arm) for 5 min. Spatial performance was assessed through the comparison of the number of visits in each of the 3 arms during the second trial.
Immunohistochemistry
Immunohistochemistry was performed from brain tissue sections of naive male mice treated (C57BL6/J mice) or not (tPA−/− and tPA+/+ mice) with colchicine (Louessard et al. 2016) . For a detailed description of perfusion and sectioning, see Supplementary Material.
Sections were incubated overnight in a moist chamber at room temperature with: 1) a rabbit tPA antibody (1:2000; gift from Prof. R. Lijnen), a mouse Fox3 (NeuN) antibody (MAB 377; 1:800; Millipore; Fig. 1 ) or 2) a rabbit tPA antibody, a mouse Fox3 antibody, and a goat antibody raised against the NMDAR GluN1 subunit (sc-1467; 1:800; Santa-Cruz Biotechnology; Supplementary Fig. S7 ). Sections were subsequently rinsed in 3 baths of 0.1 M phosphate buffered saline (PBS; pH 7.4). The immunoreaction was therefore visualized using, respectively, 1) Fab'2 fragments of donkey anti-rabbit IgG linked to TRITC (Tetramethylrhodamine isothiocyanate) and Fab'2 fragments of donkey anti-mouse IgG linked to fluorescein isothiocyanate (FITC; both at 1:600; Jackson Immunoresearch Inc.; Fig. 1 ) or 2) Fab'2 fragments of donkey anti-rabbit IgG linked to Cy3 (Cyanine 3 dye), Fab'2 fragments of donkey anti-goat IgG linked to FITC and Fab'2 fragments of donkey anti-mouse IgG linked to aminomethylcoumarin (both at 1:600; Jackson Immunoresearch Inc.; Supplementary Fig. S7 ). The specificity of the immunoreactions was tested by using a negative control procedure, that is, the omission of primary or secondary antibodies. Washed sections were cover-slipped with antifade medium containing or not 4',6'-diamidino-2-phenylindole (DAPI) [ (1) and (2), respectively]. Then, images were digitally captured using a Leica DM6000 microscope-coupled CoolSnap camera and visualized with Metavue 5.0 software (Molecular Devices) and further processed using ImageJ software (National Institutes of Health; Louessard et al. 2016 ).
Fibrin-Agar Zymographies
Male and female C57BL6/J mice, and/or tPA+/+ and tPA−/− mice, were deeply anesthetized with isoflurane 5% and thereafter maintained with 2.5% isoflurane in a 70%/30% mixture of NO 2 / O 2 . A transcardial perfusion was performed with ice-cold heparinized 0.9% NaCl. Brains were then removed and cut in 1 mm thick slices using a brain matrix (Delta Microscopies). Structures of interest, that is, hippocampus, entorhinal, associative parietal, and primary (M1) and secondary (M2) motor cortices, were then sampled using a biopsy punch (Delta Microscopies). Tissues were dissociated in ice-cold TNT buffer (50 mM TrisHCl pH 7.4; 150 mM NaCl; 0.5% Triton X-100; Sigma-Aldrich). After a 20-minute centrifugation (12000 × g at 4°C), proteins were quantified using the bicinchoninic acid (BCA) method (Pierce). Zymographies were performed as previously described (Dejouvencel et al. 2010) . As internal controls, fibrin-agar zymography assays were performed from brain tissue extracts of tPA +/+ and tPA−/− mice ( Supplementary Fig. S3 ). Details are listed in the Supplementary Material section. 
Calcium Video Microscopy
Experiments were performed on primary cultures of cortical neurons (details are listed in the Supplementary Material section) at room temperature on the stage of a Leica DMI6000B inverted microscope equipped with a 150 W Xenon high stability lamp and a Leica 40x, 1.3 numerical aperture epifluorescence oil immersion objective (Leica microsystems). At 12 DIV, cell cultures were transferred into a serum-free medium (HBBSS) and loaded with 10 µM fura-2 AM (Invitrogen, Life Technologies) for 45 min at 37°C. Then, neurons were washed, and a first NMDA treatment (25 µM for 30 s; Tocris) was applied using a peristaltic pump in order to determine neuronal baseline response. Neurons were then incubated for 45 min with the following treatments applied alone or in combination with tPA 300 nM (human recombinant tPA; Actilyse; Boehringer Ingelheim; Paris, France): phosphate-buffered saline (PBS, Gibco, Life Technologies), Pefabloc 10nM (tPA inhibitor; Pefabloc tPA/Xa; Pentapharm), or GluN1 15A4B2E5 antibody 10 µg/mL [total: 6 experimental conditions; PSB (Control); Pefabloc, GluN1 15A4B2E5, tPA, tPA + Pefabloc; tPA + GluN1 15A4B2E5], and neurons were again exposed to NMDA. For detailed description about the data analysis, see Supplementary Material.
Surgery
Male mice were anesthetized (see Fibrin-Agar Zymography above) and hold in place on a stereotaxic frame. Bilateral EC injections were then performed with either Evans Blue for C57BL6/J mice (Sigma-Aldrich), PBS for tPA+/+ and tPA−/− mice (pH 7.4; Gibco, Life Technologies), and Pefabloc (2.23 mg/mL in PBS, pH 7.4; Pefabloc tPA/Xa, Pentapharm) or GluN1 15A4B2E5 for tPA+/+ mice (0.8 mg/mL in PBS, pH 7.4; designed by 4SysDiag CNRS/Bio-Rad, UMR3145; produced by Biotem). After surgery, all mice received a 24 h recovery period before histological or behavioral evaluation. Spatial performance was quantified in the distal condition of the T-maze by an experimenter blind to the treatment. Details about surgery and histological control are provided in the Supplementary Material section.
Magnetic Resonance Imaging
Described in the Supplementary Material section.
Immunocytochemistry
Statistical Analyses
Statistical analyses were performed using JMP v10.0 software (SAS Institute, Inc.). The distribution of samples was studied with Shapiro-Wilk's W-tests. Given that data were not normally distributed, nonparametric statistical tests were used. When appropriate, Wilcoxon rank-sum tests for independent samples or Wilcoxon signed-rank tests for dependent samples were used with an alpha level of 0.05, except for the calcium video microscopy experiments where an alpha level of 0.001 was used. All tests were two-tailed.
Results
tPA in the EC Selectively Mediates the Processing of Distal Landmarks During Navigation
Mapping of the brain distribution of tPA confirmed the presence of positive mossy fibers in the hippocampus (Fig. 1A) . Not reported so far, we revealed the presence of tPA-positive neurons uniformly distributed in the APC (Fig. 1B) , and in specific layers of the EC, that is, Layers II/III and V/VI (Fig. 1C) corresponding respectively to the main afferent and efferent neurons of the hippocampus (Witter et al. 2013) . Interestingly, levels of active tPA in the EC are similar to those observed in the hippocampus and strongly higher than the ones observed in the APC ( Fig. 1D; Supplementary Table S1 ), an effect that could be due to high-level expression of neuroserpin (the main inhibitor of tPA in the brain) in the parietal cortex (Krueger et al. 1997; Teesalu et al. 2004 ).
We thus investigated the possible contribution of tPA to the processing and the use of either distal or proximal landmarks during navigation. Two independent groups of tPA+/+ and tPA−/− male mice, known to display similar visual performance (in terms of retinotopy, response strength, habituation, receptive field, and spontaneous activity; Mataga et al. 2002) , were tested in the Morris water-maze tasks (MWM; Supplementary  Fig. S1A-B ). In the distal condition, both groups swam at similar speed (Supplementary Fig. S4A ; Supplementary Table S2A ) and analysis of latency shows that tPA−/− mice exhibited a delayed acquisition in comparison with tPA+/+ mice ( Fig. 2A-B ; Supplementary Table S2B ). This deficit was seen in the first days of training, both groups being similar at the end of the training ( Fig. 2C ; Supplementary Table S2A) . Similar to latency, intragroup analysis revealed that the distance traveled improved earlier in tPA+/+ mice ( Fig. 2D-E Fig. S4D ; Supplementary Table S3A ). As shown in Figure 2G -H and J-K, a significant improvement of latency and distance with respect to Day 1 occurred at Day 2 in the 2 groups (Supplementary  Table S3B ). Finally, both groups showed good retention performance during the probe test (Supplementary Fig. S4E-F Figure 2M -N shows mice's representative trajectories in the 2 versions of the task. Interestingly, levels of active tPA were significantly increased in the EC but not in the APC, in tPA+/+ mice 30 min after the end of the MWM task for the distal condition ( Fig. 2O-P ; Supplementary  Table S4) . Altogether, our results show that tPA−/− mice exhibit a delayed learning of the spatial task only when they had to rely on distal environmental landmarks, a mechanism associated with increased levels of tPA in the EC.
To further address the hypothesis of a differential involvement of tPA in the 2 navigation systems, we trained 2 groups of mice in a second behavioral task, a 2-trial place recognition task in a T-maze requiring the use of either distal or proximal landmarks ( Supplementary Fig. S2A-B) . When only proximal cues were available, tPA−/− male mice did not perform differently than tPA+/+ mice ( Fig. 3C-D; Supplementary Table S5 ). In contrast, when only distal cues were available, tPA−/− male mice were impaired (Fig. 3A-B) . Indeed, although tPA+/+ male mice correctly discriminated the newly open arm from the 2 familiar arms ( Fig. 3A; Supplementary Table S6 ), tPA−/− male mice failed to discriminate the familiar Arm 2 from the newly open arm ( Fig. 3B; Supplementary Table S6 ). This deficit observed in tPA−/− Table S7A-B] . These results confirm our previous observations that the processing of distal landmarks is selectively impaired in tPA−/− mice.
We then investigated the spatial performance of tPA+/+ and tPA−/− female mice in the same T-maze tasks. Interestingly, tPA+/+ female mice showed a selective impairment in the use of proximal landmarks (proximal landmarks: Fig. 3G ; Supplementary Table S8; distal landmarks: Fig. 3E ; Supplementary Table S9 ). This phenotype is totally reversed in tPA−/− female mice, which failed to use distal landmarks (distal landmarks: Fig. 3F ; Supplementary Table S9; proximal landmarks: Fig. 3H ; Supplementary Table S8) as their tPA−/− male counterparts (Fig. 3B,D) . Note that the exploratory behavior cannot explain the observed results (Supplementary Fig. S5E-H ; Supplementary Table S8-9). In addition, the levels of active tPA are selectively higher in the EC of female than male mice ( Fig. 3I-K; Supplementary Table S10 ). According to these data, the ability of tPA+/+ female mice to rely only on distal visual cues during spatial navigation, contrary to their male counterparts, seems to be linked to the higher amount of active tPA in their EC. These data strongly suggest a positive relationship between the amount of active tPA present in the EC and the ability to (or the level of) use distal landmarks during spatial navigation. They also possibly suggest that the EC plays a negative tone on the APC, a structure that has been shown to be important for the processing of proximal cues (Save and Poucet 2000) . Obviously, future studies should examine these questions in more details in order to gain a complete understanding of this phenomenon. group. E-H: Spatial performance during the task in tPA+/+ (E, G) and tPA−/− (F, H) female mice. Number of entries in the 3 arms in the distal condition (E-F) and in the proximal condition (G-H). Distal condition: n tPA+/+ = 12; n tPA−/− = 14; Proximal condition: n tPA+/+ = 12; n tPA−/− = 13. I-K: Fibrin-agar zymography assays showing tPA proteolytic activity in the EC (I), the hippocampus (J), and the APC (K) of 2-month-old tPA+/+ male and female mice. n = 3 for each structure/gender. Wilcoxon rank-sum tests for independent samples: *P < 0.05; NS: P > 0.05. Wilcoxon signed-rank tests for dependent samples: #P < 0.05; ##P < 0.01; ###P < 0.001. Error bars indicate the standard error of mean.
The Processing of Distal Landmarks Is Mediated by a tPA-dependent NMDAR Signaling in the EC
To further demonstrate the role of the entorhinal tPA during spatial navigation based on distal landmarks, we subjected tPA+/+ male mice to a stereotaxic infusion (Fig. 4A-C) of a previously characterized tPA inhibitor, that is, Pefabloc (Liot et al. 2004) in the EC, 24 hours prior to start the T-Maze task. The results demonstrate that selective blockade of the tPA activity in the EC altered the capability of tPA+/+ mice to process distal landmarks, leading to a phenotype similar to tPA−/− mice injected with control reagent (PBS; Fig. 4D-F ; Supplementary Table S11). We then hypothesized that the mechanism of action of tPA in the EC may involve its previously reported ability to interact with GluN1 subunit of the NMDAR, and therefore to enhance NMDAR-mediated signaling (Nicole et al. 2001; Fernández-Monreal et al. 2004; Lopez-Atalaya et al. 2008 ). To address this hypothesis, we first studied the localization of NMDAR in the EC, which was ubiquitously distributed in this structure ( Supplementary Fig. S7 ). Interestingly, tPA-positive neurons colocalized with NMDAR positive neurons ( Supplementary Fig. S7 ). Then, tPA+/+ mice received a stereotaxic injection in the EC of a monoclonal antibody raised against the NMDAR GluN1 subunit (GluN1 15A4B2E5), which we characterized to 1) bind the neuronal GluN1 subunit of the NMDAR at its amino-terminal domain ( Supplementary Fig. S8 ) without affecting the basal functioning of the receptor (Supplementary Fig. S9 ; Supplementary Table S12; Benchenane et al. 2007; Macrez et al. 2011 ) but capable to prevent the tPAdependent potentiation of NMDAR-induced calcium influx ( Fig. 4H-J; Supplementary Fig. S9 ; Supplementary Table S12). Our data show that prevention of the tPA-dependent positive modulation of NMDAR signaling in the EC blocked the processing of distal cues in tPA+/+ mice, leading to a phenotype similar to tPA−/− mice ( Fig. 4G; Supplementary Table S11 ). The observed results cannot be accounted for by a deficit in exploration of the 2 familiar arms (Supplementary Fig. S10A-D ; Supplementary Table S11) . Altogether, these data demonstrate that the use of distal landmarks during spatial navigation involves a tPA-dependent potentiation of NMDAR signaling in the EC.
Aging Impairs Distal but not Proximal Landmarks Processing During Navigation
Because physiological and pathological aging are associated with reduced levels of brain tPA (Cacquevel et al. 2007; Roussel et al. 2009 ), we measured the proteolytic activity of tPA in several brain structures in 2-to 17-month-old male mice. Our data reveal that aging dramatically reduces tPA activity in the EC from the middle age ( Fig. 5A-B ; Supplementary Table S13A-B). To investigate the possible functional consequence of this decrease on spatial cognition, we trained independent groups of young and old male mice in the 2 place navigation tasks in the MWM. As reported for tPA−/− mice (Fig. 2) , aged mice exhibited a heterogeneous and delayed acquisition in the distal condition (Latency: Fig. 5E ; Distance: Fig. 5H ; Supplementary Table S14A ). This effect cannot be accounted for by different swimming speed (Supplementary Fig. S11A ; Supplementary Table S14A). Learning occurred at Days 2-3 in young mice but at Day 6 in aged mice (Latency: Fig. 5C-D ; Distance: Fig. 5F -G; Supplementary Table S14B) . However, at the end of training, both groups displayed similar performance (Latency: Fig. 5E ; Distance: Fig. 5H ; Supplementary Table S14A), as well as during the probe test ( Supplementary Fig. S11B-C ; Supplementary Table S14C-D), indicating that although aged mice showed a delayed acquisition, they finally learned to locate the platform. Supplementary Fig. S11D depicts mice's representative trajectories. In the proximal condition, both groups displayed similar latencies and swam an equivalent distance to reach the platform throughout training (Latency: Fig. 5K ; Distance: Fig. 5N ; Supplementary Table S15A). Significant decrease of latency occurred at Day 2 in aged mice and Day 3 in young mice suggesting faster learning in aged mice in this condition ( Fig. 5I-J ; Supplementary Table S15B ). This was seen in spite of a slower swimming speed in aged mice (Supplementary Fig. S11E ; Supplementary Table S15A). Consistent with this conclusion, significant decrease in distance occurred at Day 2 in aged mice and Day 5 in young mice (Fig. 5L-M, Supplementary Table S15B ). During the probe test, both groups spent more time and swam a greater distance in the target area (Supplementary Fig. S11F-G ; Supplementary Table S15C-D). Overall, this shows that aged mice were able to learn the platform location using proximal landmarks similarly to young animals and even better. Supplementary Fig. S11H depicts mice's representative trajectories. These results show that reduced tPA activity in the EC of aged mice is associated with a selective deficit in learning a navigation task when using distal landmarks.
Discussion
The function of tPA in synaptic plasticity has been repeatedly demonstrated in vitro and ex vivo, with tPA acting, among others, on hippocampal LTP via mechanisms involving both brain-derived neurotrophic factor (BDNF) and NMDAR (Huang et al. 1996; Calabresi et al. 2000; Pang et al. 2004; Parcq et al. 2012) . Accordingly, tPA has been repetitively reported to influence many behaviors such as anxiety (Pawlak et al. 2003; Obiang et al. 2011 ) and spatial learning (Madani et al. 1999; Obiang et al. 2011 Obiang et al. , 2012 Oh et al. 2014) . Improved spatial performance has been reported in mice overexpressing tPA in the CNS when using both MWM and Homing hole board tests (Madani et al. 1999) . Similarly, a tPA deficiency has been shown to induce spatial deficits in MWM but with no care about the type of landmarks used (Oh et al. 2014) . Moreover, tPA−/− mice exhibit alterations in responsiveness to a spatial change during an object placement test (Calabresi et al. 2000) , a task involving both hippocampus and EC . Other studies using tPA−/− mice did not report a particular phenotype when using MWM or Barnes maze (Huang et al. 1996; Pawlak et al. 2005) . In this study, we demonstrate for the first time that tPA plays a role in EC-dependent processing of spatial information. Interestingly, this new role of tPA is supported by its ability to interact with entorhinal NMDAR and would be precociously affected during aging.
Previous works have reported the existence of 2 landmarkprocessing systems devoted to the processing of distal or proximal landmarks, respectively (Save and Poucet 2000; . Our data concur with this concept, demonstrating for the first time a tPA-dependent spatial representation of space in the EC that is selective of the use of distal landmarks and establishing a correlation between the degree of use of these distal environmental landmarks and the level of proteolytic activity of the tPA in the EC. The fact that higher levels of entorhinal tPA lead to a strong bias for landmarks use during a spatial task, with an inability to use the proximal ones (female mice), and inversely when entorhinal tPA levels decrease (aged mice; results summarized in Fig. 6 ), suggests that tPA expressed in the EC could possibly exert a negative tone on the APCdependent pathway. This tPA/NMDAR-related negative tone would act by giving an exaggerated salience to the distal cues pathway and therefore preventing the use of the proximal cues. It could potentially be direct, with higher levels of tPA in the EC-hippocampal pathway inducing a strong activation of this pathway, which directly inhibits the APC-hippocampal one, or more plausibly indirect, due to an overstimulation of the EC-hippocampus-EC loop (as observed in seizure propagation: Barbarosie and Avoli 1997; Calcagnotto et al. 2000; Boido et al. 2014) . Future studies should investigate more in details the occurrence and mechanisms of action of a such tone, by using among others the Cre/Lox system allowing the creation of conditional knockout mice for a specific protein in a particular type of neurons, or tissue and/or optogenetic techniques for network activation (Häusser 2014; Tsien 2016) . Several mechanisms have been described to explain the multifaceted roles of tPA in the CNS Samson and Medcalf 2006) . By activating plasmin, tPA is involved in the conversion of the precursor form of BDNF into its mature form (Pang et al. 2004) . In a plasmin-independent manner, tPA has been reported to mediate some of its effects through a direct interaction with the NMDAR (Nicole et al. 2001; Pawlak et al. 2005; Benchenane et al. 2007 ). Our previous works have shown that tPA-NMDAR interaction influences hippocampal LTP (Parcq et al. 2012) , as well as spatial cognition through GluN2D subunit-containing NMDARs (Obiang et al. 2012) . Here, by using a pharmacological approach (injection of a specific inhibitor) and a targeted monoclonal antibody, both described as the better ways to validate the implication of a protease and its substrate processing in vivo (Overall and Blobel 2007) , we demonstrate that the ability of tPA to positively modulate NMDAR signaling in the EC is a mechanism that contributes to the processing of distal landmarks during spatial navigation. Both pro-BDNF and low-density lipoprotein receptor-related protein 1 (LRP1) are known to directly or indirectly modulate NMDAR signaling (Crozier et al. 2008; Maier et al. 2013) and to play important roles in synaptic plasticity and spatial learning (Nagahara et al. 2010; Kanekiyo et al. 2013) . Interestingly, pro-BDNF and LRP1 are also targets of tPA (Pang et al. 2004; Samson et al. 2008) . Future studies will thus determine if these 2 targets, albeit indirectly, are also involved in the tPA-dependent enhancement of NMDAR function in the EC, as well as the subsequent processing of spatial information and learning.
As previously mentioned, our results have highlighted a gender-difference in tPA activity levels in the EC raising the question of the mechanisms involved in the regulation of tPA in this structure. Interestingly, 2 studies have reported a moderate-to-high expression of neuroserpin (the main inhibitor of tPA in the brain) in the temporal lobe of both mice and humans (Krueger et al. 1997; Teesalu et al. 2004 ). In addition, the expression of neuroserpin in the brain has been described to be influenced by a sexual hormone, the 'Anti-Müllerian Hormone' (AMH), also called 'Müllerian-Inhibiting Substance' (MIS), through the interaction with its receptor AMH/MIS Type II receptor (AMHR-II/MISR-II; Lebeurrier et al. 2008) . High levels of AMH/MIS are a hallmark of developing males. Moreover, AMHR-II/MISR-II is expressed in most mouse neurons and is known to regulate sex-linked behavioral biases in this species (Wang et al. 2009 ). Given these data, the phenotype observed in this study could be linked to a higher concentration of AMH/MIS and/or to a higher number of AMHR-II/MISR-II in the EC of male mice in comparison with females, which would lead to a higher expression of neuroserpin and ultimately to the observed sex-linked behavioral bias during spatial navigation tasks. This hypothesis, linking tPA and its inhibitor neuroserpin to the establishment of gender-related behavioral difference, should be addressed in future studies.
Also related to sexual hormones, it is worth mentioning here that given the housing conditions, the mating schedule, the specific design, and randomization of the experiments, some differences in estrous cycle phases and sexual hormones levels that could influence the physiology of the hippocampus and/or the spatial navigation strategies used (Schmidt et al. 2009; Kato et al. 2013; Qiu et al. 2013 ; but also see Rodríguez et al. 2011 ) are very unlikely to have occurred between genotypes of the females used in this study and therefore to be an alternative explanation to the present results. In addition, the probability of an estrus cycle-related bias due to change in hippocampus physiology appears even more decreased by the fact that the hippocampus is involved in both distal and proximal cues-based spatial learning examined in this study (Save and Poucet 2000; .
Finally, we have previously shown that levels of tPA in the brain were reduced during physiological aging in animals (Cacquevel et al. 2007; Roussel et al. 2009 ), an effect reinforced in Alzheimer's disease (Cacquevel et al. 2007 ). Interestingly, levels of active tPA are negatively correlated with levels of amyloid-beta peptide (Aβ 1-42) in postmortem Alzheimer's disease human brains (Cacquevel et al. 2007 ). Here, we evidenced a tPA-dependent impairment in the processing of distal landmarks during navigation tasks with physiological aging. In humans, navigation impairments are observed during normal and pathological aging, that is, Alzheimer's disease (Cushman et al. 2008) , and are associated with morphological and biochemical alterations of both hippocampus and EC (DeLeon et al. 2001; deToledo-Morrell et al. 2007 ). Alterations of the EC are usually considered as a presymptomatic stage of Alzheimer's disease. Based on this postulate, identification of behavioral signs that may reveal Alzheimer's disease at early stages is of major importance. In rodents, Duffy and collaborators have recently reported that the EC-dependent object placement test could be an useful tool to early identify subjects who will develop Alzheimer's disease (Duffy et al. 2014 ). Interestingly, entorhinal bilateral injection of Aβ 1-42 in rats have been reported to impair both object recognition and navigation in an MWM task with distal cues, similarly to entorhinal bilateral lesion Sipos et al. 2007 ). In agreement with this report, we hypothesize here that entorhinal tPA could play a critical role in the early development of Alzheimer's disease. Accordingly, we propose that navigation tests using distal cues versus proximal cues could be useful for the diagnosis of early stages of this pathology.
Conclusion
We evidence in this study that distant space processing requires tPA-mediated NMDAR signaling in the EC, an altered mechanism during physiological aging, responsible for impairment in spatial cognition. At the opposite, near-space processing is independent of tPA-related mechanisms. These data highlight a differential encoding mechanism of environmental landmarks during spatial navigation and lead to the concept that encoding of proximal versus distal landmarks is mediated not only by different anatomical pathways but also by different molecular mechanisms with the tPA-dependent NMDAR signaling in the EC that plays an important role.
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